Abstract
The boreal forest biome represents the largest continuous forested area of the globe. The 3 forests in this region cover approximately 15 million km 2 , or about 10% of the Earth's 4 terrestrial surface. This represents about 33% of all forested areas in the world (FRA 5 2000) and over 73% of the world's coniferous forests (ECE/FAO 1985). 6 The boreal forests play a key role in the Earth's carbon balance because of their 7 extent and the large carbon reserves they contain. To date, scientists have built up 8 evidence suggesting that greenhouse gas induced global warming is occurring. For 9 example, Canada and Russia have recorded a 2°-3°C temperature increase in the winter 10 and spring over the last 30 years (Environment Canada 1995) and in artic Alaska and 11
western Canada a summer warming of 3°-4°C has been observed over the last 40 years 12 which has been attributed to the lengthening of the snow-free season (Chapin III et al. 13 2005) . Some of the predicted trends in this region caused by global warming under a 14 doubled CO 2 scenario are (1) increased length of fire season (Wotton and Flannigan  15 1993, Stocks et al. 1998) , (2) increased fire weather severity (Flannigan and Van  16 Wagner 1991, Stocks et al. 1998) , and (3) increased ignitions from lightning (Fosberg et 17 al. 1990 ). In fact, Riaño et al. (2007) report that the first impacts of these perturbations 18 can already be seen. They found that burned area has significantly increased during 19 summer in the boreal region between 1981 and 2000. The accelerating fire activity -20 predicted to increase burned area by 25-50% over the next century-will serve as a 21 catalyst to a wide range of ecosystem processes controlling the storage of carbon in 22 boreal forests (Kasischke 2000). 23
Changes in vegetation structure influence not only the exchange of greenhouse 24 gases but also albedo and energy partitioning, all of which influence climate feedbacks. 25 In the boreal region, shifts between evergreen and deciduous trees are believed to cause 26 the strongest feedback (Eugster et al. 2000) . For example, an increase in fire events 27 increases the proportion of early succession deciduous woods and consequently 28 increases the albedo, decreases heat transfer to the atmosphere and decreases the 29 flammability of boreal forests causing a negative feedback whilst transition to late 30 successional evergreen conifers decreases the winter albedo and is a positive climate 31 feedback (McGuire et al. 2006 ). In Russian forests, an estimated 40-96% of total 32 forested area is in some phase of post-fire succession (Rojkov et al. 1996) . Russia alone 33 contains about two-thirds of the world's boreal forest, and most of it is present in 34
Siberia. Shvidenko and Nilsson (1994) estimated that the forested area of Siberia 35 constitutes about 20% of the total world forested area and nearly 50% of the total world 36 coniferous forested area. A better understanding of post-fire succession in the Siberian 37 boreal forests will help us to predict the effects of the increasing number of wildfires 38 caused by climate change in these ecosystems, and subsequently forecast the future role 39 of Siberian boreal forests as a carbon sink or source. 40 Some post-disturbance dynamics studies in boreal forests based on field 41 surveys have been carried out with diverse purposes: (1) studying the effects of fire Some estimates indicate that between 5 and 10 million ha of boreal forest burn each 50 year, with most of the area being burned in fires bigger than 50000 ha (Kasischke and  1 French 1997). With such high rates of change in boreal ecosystems, and the remoteness 2 of some burned areas and their huge extent, it is clear that traditional studies of forest 3 succession based on field surveys should be complemented by analyses with remote 4 sensing data which provide timely information on forest ecosystem status for large areas 5 and in a cost efficient manner (Song et al. 2002 ). 6 Fire creates profound changes in ecosystems, causing variations in surface 7 reflectance, albedo, moisture and temperature, which can be detected by means of 8 satellite imagery. Satellite imagery can also quantify the annual fluctuations in forest 9 fires, despite the remoteness and large sizes of the burned areas because of its 10 systematic, periodic and global acquisition. Several studies have addressed 11 postdisturbance dynamics using remote sensed imagery with different objectives such as 12
( 1) information was used to date the burned areas. 9
The GLC2000 Land Cover Map (GLC2000) was used to select burned area 10 polygons as a function of their forest type (see section 2.3). GLC2000 was derived from 11 SPOT4-VEGETATION data divided in two time-windows as follows: from March to 12
November of year 1999 to produce the land cover classification, and from June to and three for DBL (Table 3) . 35 For each of the fourteen burned areas an undisturbed adjacent unburned control 36 plot was selected representing the same forest type. The control plots were introduced to 37 help separate inter-annual fAPAR variations caused by local climate from changes in 38 fAPAR behaviour due to a burn. For a valid comparison, the control plot must have 39 characteristics similar in terms of area covered, forest type and climatic conditions to 40 the burned area which it is paired with. The GLC2000 map was used to ensure the 41 control plots were taken from the same forest type. Climatic conditions were kept 42 similar by minimising the distance between the burned area and its control plot. The 43 distance between the burned area and control plot ranged from 2 km to 9 km. The FDM 44 and thermal anomalies data were used to verify that the control plots did not burn in the 45 previous twelve years. To isolate patterns attributed to latitude the selected test sites 46
were grouped into three 5° latitudinal bands from 51° to 65°N. 47 48
MODIS15_BU fAPAR time series analysis 49
The time-series analysis of fAPAR was conducted for each burned area and control plot 1 with the aim of providing aggregated estimates of change (Slayback et al. 2003) and to 2 test for statistical significance. The pre-fire year, 2001, was used to assess the adequacy 3 of the selected unburned control plots. To evaluate the post-fire response of the different 4 forest types and latitudinal regions several variables were used: 5
The mean of 8-day fAPAR for each burned area and its associated control 6 plot was calculated to visually examine the seasonal patterns of individual 7
burns. An example is provided in Figure 3 . 8 The mean and standard deviation of annual fAPAR were derived according to 9 forest type, disturbance status (i.e. burned or control) and latitudinal region. 
where ΔfAPAR ijk is the difference between fAPAR of a pair of burned and unburned 33 forest polygons; μ is the overall mean; α i is the forest type effect; β j is the latitude effect; 34 (αβ) ij are forest type/latitude interactions; ω ij is the between-polygon pair error term We assessed the adequacy of the selected unburned control plots by comparing their 4 pre-fire fAPAR values with those of the burned areas. A one-way ANOVA test 5 indicated that there were not significant differences between burned areas and control 6 plots for the different forest types the year before the fire. Due to the use of control plots 7 it was possible to account for the influence of inter-annual variability and other 8 environmental factors captured in these unburned areas (Goetz et al. 2006) (Figure 3 ). 9
Annual mean fAPAR for the burned areas and control plots grouped in terms 10 of forest types and latitudinal bands are shown in Figures 3 and 4 The results of the ANOVA analysis are shown in Table 5 . The small p-value 31 associated with forest type (p < 0.01) indicates that there are significant differences in 32
ΔfAPAR among the three forest types, i.e. the magnitude of the drop in fAPAR after 33 fire depends on forest type, and hence the factor forest type plays the most important 34 role in explaining the differences between the means in ΔfAPAR. Further analyses were 35 done to test whether significant differences between the different levels of the factor 36 forest type exist. Figure 6 shows the results of the Bonferroni test carried out on the 37 factor forest type. North America, Europe, Asia), and stand ages, which is the most likely explanation for 18 the observed differences. 19 Our results from the analysis of MODIS fAPAR data suggest that the three 20 forest types included in the analysis differ in their fAPAR activity and show 21 characteristic fAPAR trajectories in the first few years following the fire. The ENL 22 forest type has the highest mean annual fAPAR, followed by the DBL and the DNL 23 forest types (Fig. 4) . Post-fire fAPAR is most strongly affected in the ENL forest type 24 ( Figure 4 , 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35 Table 5 Results of the repeated-measures ANOVA carried out on ∆fAPAR of the subject 'burned area' with 'forest type' and 'latitude' as the between subject factors and 'time' with respect to burn as within subject factor. Pvalue (** < 0.05) 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29 1 Figure 2 . fAPAR image of the study area indicating the location of the test sites. Each 2 dot locates a burned area and its respective control plot. The distance between the 3 burned area and control plot ranged from 2 km to 9 km. Test sites representing 4 evergreen needle-leaf forests (ENL) are shown in red, deciduous needle-leaf forests in 5 yellow and deciduous broadleaf forests (DBL) in green. 6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36 6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36 6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36 the evergreen needle-leaf (ENL), the deciduous needle-leaf (DNL) and the deciduous 6 broadleaf (DBL). 7 8 9
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